We investigated the difference in vascular responses and remodeling between coronary and iliac arteries after repeated endothelial denudation. Endothelial denudation of the left anterior descending coronary artery (LAD) and the right common iliac artery (RIA) was repeated 4 times twice a month using a Fogarty catheter in 21 pigs. Vascular responses to vasoactive drugs were evaluated as % luminal diameter changes on contrast angiography 2 weeks after the last denudation. Corresponding nondenuded sites, ie, the left circumflex coronary artery (LCX) and the left common iliac artery (LIA), were used as references. Acetylcholine (1 µg/kg) did not constrict the LCX (0 ± 1%) and the LAD (1 ± 1%, P < 0.05), whereas it constricted the RIA (20 ± 6%) but not the LIA (−3 ± 3%, P < 0.01). Alternatively, serotonin (10 µg/kg) constricted the LAD strikingly (88 ± 5%, P < 0.01 versus LCX and RIA), as well as the RIA (35 ± 10%, P < 0.05 versus LIA). Vasodilator responses to substance P and isosorbide dinitrate were not different after injury in both arteries. The intima-to-media ratio and adventitia-to-media ratio of the relevant site in cross section of tissue sample from LAD were greater than those from LCX, and were more prominent than those from RIA. The results show that vascular tone regulation after the endothelial injury and vascular remodeling might be altered in a vesselspecific manner. (Int Heart J 2006; 47: 297-310) 
ations in regenerated endothelial function may be responsible for modulating the regulation of vascular smooth muscle tone. While the endothelium in atherosclerotic lesions may be repeatedly injured and forced to regenerate, the functional changes in the vascular system, with the development of intimal hyperplasia following endothelial injury, have not been fully elucidated. 5, 6) Previously, we developed a balloon injury model using pig coronary artery and showed that repeated endothelial injury alters vascular morphology and reactivity in the coronary artery and that this is a novel coronary vasospasm model of the coronary microcirculation in response to acetylcholine. 7, 8) On the other hand, arterial disorders including arteriosclerosis and vasospasm, do not show uniform manifestations throughout the body, but rather are specific to certain vascular systems in individual patients. Coronary artery spasm and Raynaud's disease, 9) or coronary arteriosclerosis and arteriosclerosis obliterans, 10) can occur unrelated to each other. However, there have been few reports 11) documenting the differences between coronary and peripheral arteries in vascular remodeling and vascular responses to various stimuli. The aim of the present study was to investigate how intimal hyperplasia develops and how vascular responses to vasoactive substances change in pigs after repeated endothelial denudation in the coronary artery and common iliac arteries, which are muscular and elastic arteries, respectively.
METHODS

Animals:
Twenty-one disease-free male domestic pigs (mixture of Landrace and Deroc breeds, 2 to 4 months of age, 17 to 28 kg, mean, 20.7 ± 3.1 kg) were used. Endothelial denudation of the coronary arteries was performed in 14 pigs and of the iliac arteries in 7 pigs. They were housed individually at room temperature (24°C) and fed normal chow (Nihon Clea Inc., Sendai, Japan) during the experimental period. This study was approved by the Animal Research Committee of Fukushima Medical University in accordance with The Japanese Government Animal Protection and Management Law (No. 105). Experimental protocol: After sedation with intramuscular ketamine hydrochloride (10 mg/kg), the animals were anesthetized by an intravenous injection of sodium thiopental (2 mg/kg). The animals were then intubated and ventilated with room air supplemented with a mixture of oxygen, N 2 O (3:1 vol./vol.), and halothane (1-2%) using a positive-pressure respirator (K-150, Kimura Medical Instruments, Japan). Under sterile conditions, the right carotid artery was exposed and an 8-F sheath introducer was inserted. Heparin sulfate (2000 units) was injected intravenously for anticoagulation. The arterial pressure was monitored (AP641G, Nihon Kohden, Tokyo) from a side line of the sheath introducer. Elec-Vol 47 No 2 trocardiograms (ECGs) were continuously monitored in limb (I and aVF) and precordial (V 3 ) leads.
The endothelium at the midportion of the left anterior descending coronary artery (LAD) was denuded 3 times using a 2-F Fogarty balloon embolectomy catheter (Baxter, USA) via an 8-F hand-crafted guiding catheter inserted through the carotid artery. The endothelium of the distal portion of the right common iliac artery (RIA) was also denuded 3 times with a 5-F Fogarty balloon embolectomy catheter (Baxter, USA) inserted directly via the carotid artery. Endothelial denudation was performed only in the LAD in 14 pigs and only in the RIA in 7 pigs. The balloon was inflated with saline and contrast medium (Hexabrix 320, Tanabe Seiyaku Co., Ltd, Japan) to the same diameter as that of the relevant vessel under fluoroscopic guidance. The pressure in the inflated balloon during these procedures was maintained at less than 0.5 atm by a pressure indicator (X-caliper, Spectramed Co., Ltd.), a pressure which induced mild injury without injuring the subendothelium.
12) Measurements using spot films taken prior to and during balloon inflation demonstrated that the increase in diameter of the balloon inflated within the artery was only 4.6 ± 3.6% (mean ± SE) in the coronary artery, and 5.3 ± 3.1% (NS versus coronary distension) in the iliac artery, indicating less injury to the artery than in studies reported previously. [13] [14] [15] These endothelial denudations were performed at 0, 2, 4, and 6 weeks for a total of 4 denudation procedures.
Responses of the coronary and iliac arteries to vasoactive substances were examined under anesthesia in the closed-chest condition at 0 (before denudation) and 8 weeks (2 weeks after the last denudation). Coronary and iliac artery responses were evaluated by arteriography as the percent change in vessel diameter as described below. Selective arteriography was performed throughout this series of experiments by manual injection of 3 mL of contrast medium (Hexabrix 320, Tanabe Seiyaku) through a modified 6-F right Judkins catheter (Schneider Japan K.K.). Arteriography was conducted using an x-ray system (DGA-100A, Toshiba, Japan) and the results were stored on video tape (BR-S601, JVC, Japan). Vessel diameter was measured by video-densitometry using a densitometric analyzer (CAD-98 ELK Angio System, Elk Medical Products, Tokyo). Vascular bifurcations were recognized and used as reference markers for the measuring point. Following control angiography, vasoactive agents [1 µg/kg acetylcholine (Ovisot, Daiichi Pharmaceutical Co., Ltd., Tokyo), 10 µg/kg serotonin (Wako Pure Chemical Industries Ltd., Tokyo), 2 ng/kg substance P (Sigma Chemical Co., St Louis, MO), and 25 µg/kg isosorbide dinitrate (ISDN) (Eisai Co., Ltd., Tokyo)] were administered over 30 seconds into the left main coronary artery, and coronary arteriography was performed. All drugs were diluted with the same amount (1 mL) of physiologic saline. During the intracoronary administration of drugs, the catheter position was fixed in the orifice of the left main coronary artery.
Iliac arteriography was performed separately in the right and left (LIA) iliac arteries. A drug injection study involving the infusion of vasoactive agents was also performed in each iliac vessel with the same protocol as for the coronary artery.
The administration of acetylcholine, serotonin, and substance P was random. ISDN was administered last because of its long half-life. Arteriography was performed 3 minutes after start of the intraarterial administration of serotonin and 1 minute after administration of the other agents. There was at least a 30-minute interval after administration of serotonin, and a 10-minute interval after the administration of acetylcholine and substance P. The timing of each injection was in accordance with the methods described in previous reports. [6] [7] [8] 16, 17) Determination of dose selection of vasoactive substances: In a preliminary study we examined the vascular responses at the denuded sites in the LAD 4 weeks after denudation in 4 pigs. Percentage vasoconstrictive changes in diameter in response to acetylcholine doses of 0.5, 1, and 2 µg/kg were 11 ± 5, 14 ± 3, and 17 ± 4%, respectively. Aortic systolic blood pressure decreased significantly after 2 µg/kg of acetylcholine (104 ± 6 mmHg to 76 ± 7 mmHg, P < 0.05), but did not change significantly in response to 1 µg/kg of acetylcholine (98 ± 6 mmHg to 96 ± 7 mmHg). Thus, we chose 1 µg/kg of acetylcholine as the maximum dose not associated with changes in the coronary perfusion pressure. Based on our preliminary study similar doses of serotonin, substance P, and ISDN as documented in previous reports [16] [17] [18] were also considered to be the maximum doses without significant association with systemic hemodynamic effects. Arterial diameter analysis: The percent narrowing of the arterial diameter induced by vasoactive agents was calculated at the site of maximum constriction using the following equation:
[(Diameter Before Agents -Diameter After Agents) / Diameter Before Agents] × 100 (%). Arteriograms were analyzed in a blind fashion by 3 researchers. There were excellent correlations between repeated measurements (r = 0.95, P < 0.001) and between different observers (r = 0.93, P < 0.001). Differences in the percent narrowing determined by 3 researchers were 1.6 ± 0.7% (not significant, NS) at the denuded portions and 2.1 ± 1.4% (NS) at the nondenuded portions. Histologic study: After termination of the last experiment, a pig-tail catheter (Schneider Japan K.K.) was inserted into the left ventricle via the left carotid artery. The chest was opened and the right atrium was incised for blood drainage. Perfusion with 10% formalin for 40 minutes followed by physiologic saline for 5 minutes was performed through the left ventricular catheter at a constant perfu-Vol 47 No 2 sion pressure of 90 mmHg. The tissue samples were then carefully isolated and fixed in 10% formalin for 2 hours and routinely processed. Three-µm-thick paraffin-embedded sections were stained with Elastica van Gieson stain for elastic fibers and cells. The lumen, intima, tunica media, and adventitia areas (mm 2 ) were measured using an image analyzer (PAB Mitsubishi-Kasei Co., Ltd, Japan), according to previous reports, [19] [20] [21] and the ratios of luminal area to medial area, intimal area to medial area, and adventitial area to medial area were calculated. Each area was the average of 5 consecutive sections from the same site as measured on the arteriogram. Areas in cross sections were compared, using 5 pigs from the coronary artery study group and 4 pigs from the iliac artery group. Statistical analysis: All data are expressed as the mean ± SEM. Statistical analysis was performed using Student's t test for unpaired samples, and two-way ANOVA followed by Scheffe's tests for comparisons of hemodynamic variables before and after administration of the 4 vasoactive agents. A P value of <0.05 was considered significant.
RESULTS
Six of the 14 pigs in the coronary artery study group died of ventricular fibrillation during the experiments. This was attributed to the LAD endothelial denudation procedure at 4 weeks in 2 pigs and at 6 weeks in 4 pigs. Responses to vasoactive drugs: The heart rate and mean blood pressure immediately prior to the injection of each vasoactive substance did not differ among the 4 drug groups in both the coronary and iliac artery studies (Table I ). There were also no significant differences in the heart rate or mean blood pressure between those immediately prior to the injection of each vasoactive agent and those prior to arteriography (ie, before and after in Table I ) in each vasoactive drug study in both the coronary and iliac arteries.
The changes in vessel diameter in the responses to each vasoactive drug before the initial denudation did not differ between the target sites of denudation and nondenuded sites of contralateral branches in both the coronary and iliac arteries ( Figures 1A and 1B) .
Acetylcholine did not change the vascular diameters in the coronary arteries (mean ± SEM: LCX, 1 ± 1%, LAD, 0 ± 2%) before initial denudation and at 8 weeks (LCX, 0 ± 1%, LAD, 2 ± 2) ( Figure 1A ). In contrast, the iliac artery was slightly dilated by acetylcholine prior to the initial denudation (−3 ± 3% in RIA, −5 ± 3% in LIA), while it was constricted at the denuded RIA site at 8 weeks (20 ± 6%, P < 0.01 versus 0 weeks, P < 0.01 versus LIA). Acetylcholine caused no constriction of the nondenuded LIA site (−3 ± 3%, NS versus 0 weeks).
Serotonin did not significantly change the vascular diameter at 0 weeks before denudation both in the coronary and common iliac arteries (LAD, 7 ± 3%; LCX, 2 ± 1%; RIA, −6 ± 3%; LIA, −5 ± 5%). However, at 8 weeks the denuded site in the LAD was markedly constricted (88 ± 5%, P < 0.01 versus 0 weeks, P < 0.01 versus LCX), whereas that in the RIA was moderately constricted (35 ± 10%, P < 0.01 versus 0 weeks, P < 0.05 versus LIA and P < 0.01 versus LAD). In contrast, the degree of constriction at the nondenuded site in each corresponding artery was smaller (LCX, 25 ± 6%, P < 0.05 versus 0 weeks; LIA, 11 ± 4%, P < 0.05 versus 0 weeks) ( Figure 1B) . Figures 2A and 2B show typical angiograms of the coronary and iliac arteries after injection of acetylcholine or serotonin prior to and following repeated denudation (postdenudation study performed at 8 weeks). Serotonin injection into the coronary artery induced ECG ST segment elevation in lead V 3 at 8 weeks ( Figure 2B ), while ST segment depression was not seen in the V 3 in response to coronary acetylcholine injection without significant change in LAD diameter (Figure 2A) as described previously. 8) Substance P dilated both the coronary and common iliac arteries prior to (0 
Data are presented as the mean ± SEM. HR indicates heart rate and mAOP, mean aortic pressure. There were no significant differences in the responses of hemodynamic variables during the infusion of vasoactive drugs compared with baseline. A: Typical angiograms of coronary and iliac arteries after administration of acetylcholine 0, 4 and 8 weeks after repeated denudation every 2 weeks. The denuded LAD site (↓) was not constricted in response to acetylcholine at 8 weeks, whereas acetylcholine induced a small but significant constriction in the RIA at 8 weeks, as indicated by the arrows (↓↓). B: Typical angiograms after serotonin injection. The denuded sites of both the coronary and iliac arteries were significantly constricted after repeated denudation (8 weeks), as indicated by the arrows. ECG ST segment elevation in lead V 3 was observed after serotonin injection of the coronary artery at 8 weeks. Vol 47  No 2 weeks: LAD, −15 ± 2%; LCX, −15 ± 2%; RIA −6 ± 2%; LIA −9 ± 3%) and following repeated denudations (8 weeks: LAD, −9 ± 2%; LCX, −14 ± 4%; RIA, −1 ± 4%; LIA, −7 ± 1%; NS versus before denudation in each), although the vasodilator response in denuded arteries was slightly less. ISDN also dilated both the coronary and common iliac arteries prior to (0 weeks: LAD, −19 ± 2%; LCX, − 21 ± 1%; RIA, −12 ± 3%; LIA, −10 ± 3%) and following repeated denudation (8 weeks: LAD, −17 ± 5%; LCX, −18 ± 5%; RIA, −11 ± 3%; LIA, −8 ± 2%; NS, versus before denudation in each). There was no significant difference in the vasodilation response to either substance P or ISDN between the denuded and corresponding nondenuded reference sites in both the coronary and iliac arteries at 8 weeks.
A B
Histologic study: Figure 3 shows typical photomicrographs of arterial sections obtained at 8 weeks. Neointimal thickening developed in denuded arteries (LAD and RIA). The intimal area at denuded sites was significantly greater than that at corresponding nondenuded sites in both arteries (Table II) . The ratio of intimal area to medial area at denuded sites was also significantly greater than that at cor- responding nondenuded sites in both arteries. Moreover, the intima/media ratio in the LAD was significantly greater than in the RIA (P < 0.01). In addition, although adventitial area in the LAD was not greater than that in the LCX, the ratio of adventitial area to medial area ratio in the LAD was significantly greater than that in the LCX. Furthermore, the ratio of adventitial area to medial area in the LAD was also greater than that in the RIA (P < 0.0001).
DISCUSSION
In this study, vasomotor responses to acetylcholine and serotonin significantly changed following repeated denudation and regeneration and the type and extent of change differed between the coronary and common iliac arteries. While the degree of intimal injury may have been different in the coronary and common iliac arteries, our findings suggest arterial specificity of vascular reactivity and remodeling after repeated artery endothelial injury in a swine model.
Alterations of responses to various vasoactive agents:
This study demonstrated that the vasodilation responses to substance P in both arterial systems were not attenuated after repeated endothelial denudation. Therefore, the function of the regenerated endothelium was preserved, 22) at least for the pathway from the substance P receptor to the release of nitric oxide or endothelium-dependent hyperpolarizing factor. 23) Accordingly, the different vascular responses to vasoactive agents by coronary and iliac arteries are unlikely to be related to differences in the function of regenerated endothelial cells and/or disturbances in the common pathway of NO release. In addition, we demonstrated that the degree of intimal hyperplasia did not affect the vasoactive response to substance P, because the Data are presented as the mean ± SEM. Numbers in parentheses are numbers of analyzed arterial sections. * P < 0.05, ‡ P < 0.01 and † P < 0.0001 versus. LCX. § P < 0.05 and ∏ P < 0.01 versus. LIA. ¶ P < 0.01 and # P < 0.0001 versus. RIA. Lumen/Media ratio indicates ratio of luminal area to medial area; Intima/Media ratio, ratio of intimal area to medial area; Adventitia/Media ratio, ratio of adventitial area to medial area; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery; RIA, right iliac artery; and LIA, left iliac artery. vasodilation response at denuded sites did not change during interventions in both arteries, despite significant differences in intimal thickening. Furthermore, the vasodilation response to ISDN was not affected by repeated denudation. These findings suggest that the vasodilator action of nitric oxide on medial smooth muscle cells is preserved in both arteries after repeated injury.
In the absence of functional endothelium, acetylcholine is known to cause vasoconstriction by direct stimulation of vascular smooth muscle cells. 24) In this study, denuded sites (LAD) did not show constriction in response to acetylcholine despite the presence of severe intimal hyperplasia as previously reported. 8) On the other hand, acetylcholine constricted the iliac artery at 8 weeks after repeated endothelial denudations in the presence of intimal hyperplasia. These findings suggest the vascular response to acetylcholine is specific between coronary and iliac arteries in pigs. The different constrictive responses might be partly caused by differences in the activity of acetylcholine receptors on the regenerated endothelium and/or sensitivity of medial smooth muscle cells to the signaling. Thus, further study is needed to explain these events.
The vasoconstricton response to serotonin was augmented at denuded sites with intimal hyperplasia, although the response of the coronary artery was stronger than that of the iliac artery. It has been reported previously that in vitro endothelium-dependent relaxation in response to serotonin in denuded segments with regenerated endothelium is impaired in swine. 25, 26) In this study, the vasodilation response via endothelium was preserved at 8 weeks at the denuded sites in the substance P study. Thus, the marked vasoconstrictive response to serotonin at 8 weeks at the denuded sites in this swine model may have been due to augmentation of the vasoconstrictive response of the vascular smooth muscle cells itself to serotonin. However, the mechanism by which serotonin-induced vasoconstriction is more prominent in the coronary artery compared to the iliac artery after repeated endothelial denudation is also unclear. Whatever the mechanism, it is of interest that vasospasticity might be acquired easily in the coronary artery following repeated endothelial injuries and regeneration. Intimal hyperplasia after repeated denudation: Endothelial cells play an important role in protecting against intimal hyperplasia, and nitric oxide and prostacyclin are considered to be potential secondary messengers. 1, 27) Thus, regenerated endothelial function is a key factor in modulating intimal hyperplasia after endothelial denudation. Endothelial cells have been reported to regenerate rapidly after injury in both the coronary and iliac arteries. 28, 29) In the present study, the so called "relative" intimal hyperplasia assessed from the intima-media ratio was significantly greater in coronary arteries than iliac arteries. Intimal hyperplasia depends on the severity of intimal injury. 30) Actually, the degrees of endothelial injury, stretch force, and shear stress induced by different sized Fogarty balloon catheters introduced into different sized vessels may not have been the same, even though the increases in diameters were similar. We found that relative intimal hyperplasia was more prominent in the coronary than in the iliac arteries in this study. Thus, we propose other hypotheses concerning these differences in intimal hyperplasia. First, elastic arteries such as iliac arteries, but not coronary arteries, have a repeating medial lamellar unit, 31, 32) and the average tension per lamellar unit is remarkably constant. 31) Thus, it is likely that mechanical stretch by the balloon catheter would have caused a different result in these vessels, compared to vessels without medial lamellar units. Second, differences in intimal thickening may be related to differences in intimal regeneration in response to stimulation. This idea is supported by the evidence that atherosclerotic progression is frequently more prominent in the coronary artery, despite similar stimulation applied to other vessels by high serum concentrations of lipids. 33, 34) In addition, it was reported that not only intimal thickening but also adventitial thickening occurs in coronary arteries following endothelial injury. 20) In this study, the ratio of adventitial area to medial area, as well as that of the intimal area to the medial area, was also greatly increased in the repeatedly denuded coronary artery compared to the iliac artery treated similarly, suggesting the susceptibility of the coronary artery to vessel injury. However, it is unclear how this remodeling contributes to the different responses to vasoactive substances.
We propose the following possible mechanisms for these responses. Acetylcholine induces the release of vasocontracting and/or vasorelaxing substances from vascular endothelium. 35) The vasocontracting substances include thromboxane A 2 , leukotrienes, and COX-metabolites, while the vasorelaxing substances include NO, PGI 2 , and endothelium-derived hyperpolarizing factor. The response to acetylcholine is dependent on the balance between vasocontracting and vasorelaxing substances, which may change during progression of intimal hyperplasia after vessel injury. When moderate intimal hyperplasia was seen in RIA at 8 weeks, the balance may lean toward vasoconstriction. Although the constriction was not seen in LAD with severe intimal hyperplasia at 8 weeks, the severe hyperplasia may attenuate the activities of vasocontracting substances which primarily act on medial smooth muscle cells. Serotonin-evoked hypercontraction in the LAD at 8 weeks was different from mild contraction in RIA at 8 weeks. Ishida, et al reported that 5-hydroxytryptamine 1B (5-HT 1B ) receptors in the coronary arteries of Watanabe heritable hyperlipidemic rabbits (WHHL) are upregulated after endothelium denudation. 36) They also showed that the levels of 5-HT1B receptor mRNA of coronary arteries are increased compared with those of brain arteries in WHHL rabbits, indicating a difference in receptor number among different vascular beds. Together with their observation, we can speculate Finally, it would be expected from the results of both the present and previous studies that the coronary artery is highly susceptible to mechanical stress, 37) as well as to various noxious stimuli such as hyperlipidemia and hypertension. Moreover, atherosclerotic progression, vascular remodeling, and regulation of vascular tone by various vasoactive substances following repeatedly induced intimal injury might be altered in a vessel-specific manner, although the direct clinical application of the present results must be considered carefully because of the species differences.
